We demonstrated the efficacy of using a simple experimental approach, involving UV absorption spectroscopy, to monitor the transport of reactive oxygen and nitrogen species (RONS) through an agarose film (as surrogate for real tissue) into deionized (DI) water. The experiment involved placing a 4 mm thick agarose film over a quartz cuvette filled with DI water. The agarose film was exposed to a non-thermal, He atmospheric-pressure plasma jet (APPJ) and the UV absorption of the DI water was recorded in real-time. Our results indicate an accumulation of RONS within the agarose film during APPJ exposure and a subsequent time-lapsed release of RONS into the DI water. Curve fitting of the UV spectra suggested the APPJ transported and / or generated at least four RONS (NaNO 2 , HNO 3 , H 2 O 2 and O 2 ) through the 4 mm thick agarose film. Our approach of analyzing the delivery depth of RONS through synthetic tissue targets might find use in the future development of APPJ medical therapies and for improving our understanding of APPJ interactions with soft tissue.
Introduction
The application of the non-thermal, atmospheric-pressure plasma jet (APPJ) to treatment of medical indications has been widely demonstrated; e.g. treatment of chronic wounds, [1] bacterial infections [2] dental decay [3] and cancer [4] . The non-thermal nature of the APPJ source enables it to deliver therapeutic doses of reactive oxygen and nitrogen species (RONS) to the biological target without inducing thermal damage. Plasma generated RONS are implicated in a variety of cellular signaling processes [5] , disinfection [6] and destruction of adherent and non-adherent cancer cells [7] .
APPJ sources used in biology and medicine are typically operated in an inert gas such as argon (Ar) and helium (He). When operated into the ambient air, the reactive plasma effluent activates the neutral oxygen and nitrogen species generating a rich mixture of RONS [8] [9] [10] [11] [12] ; these are subsequently delivered to the biological target by the plasma and gas flow. Atmospheric-pressure, molecular beam mass spectrometric studies have revealed secondary reactive species including tens of positively charged species and hundreds of negatively charged species and neutrals are generated by the interaction between the APPJ and / or APPJ effluent (primary species e.g. electrons, He + , metastable He and exited He 2 ) and the ambient air. [11] The delivery of the APPJ reactive species into liquid and tissue have been studied through theoretical modelling [13, 14] .
Despite many of the RONS generated by APPJs having short lifetimes and diffusion lengths within tissue, APPJs have been shown to have effects deep within tissue; e.g. the destruction of biofilms [15] and tumours [16] in the order of 10s of micrometres to millimetres in thickness. APPJ deactivation of biofilms and tumours are often explained by surface cell layers transmitting signals deeper within tissue through cell-to-cell communication [17, 18] . Using a synthetic tissue and cell model, we have shown that a He APPJ can directly interact with cells in the sub-surface of tissue (~150 m) [19] . Furthermore, through a diffusion process, a He APPJ can deliver and / or generate new RONS deep within tissue (> 1 mm) [20] and these RONS can be directly transported into cells [21, 22] . These results show that APPJs can potentially stimulate the destruction of biofilms and tumours deep within tissue, in addition to the stimulation of the surface cell layers.
In this study we have used an agarose film (2% w/v and 4 mm in thickness) as a surrogate for tissue in combination with a conventional UV-VIS spectrometer to study the transport of RONS through tissue (Fig. 1) . The purpose of this study is to show how our approach can be applied to quantify the APPJ transport of RONS within tissue. We believe this information will be useful in the future to unravel mechanisms involved in plasma-soft tissue interactions and to quantify the effective and safe dosages of APPJ RONS that should be applied to tissue in medical therapies.
Experimental

Atmospheric pressure plasma jet (APPJ)
An APPJ generated by a cylindrical dielectric barrier discharge (DBD) configuration [23, 24] was used in this study. It consisted of a 150 mm long glass tube, tapered from an inner diameter of 4 mm to 800 m at the orifice. He gas was fed into the glass tube with a fixed gas flow rate of 1 slm. A gas speed of 33 m/s was calculated from the size of the orifice and the gas flow rate.
A high-voltage bipolar square wave pulse of 7 kV (peak-to-peak) at a frequency of 10 kHz in Fig.  2 (a) was applied to a 15 mm long metallic external ring electrode wound onto the glass tube at a distance of 40 mm from the end of capillary. The length of the plasma plume was 12 mm. The 
, and the total current -I T and displacement current -I dis (c). The driving frequency is 10 kHz.
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voltage and current waveforms of the APPJ were measured using a high voltage probe (Tektronix P6015A) and a current monitor (Pearson 2877) respectively, as shown in Fig. 1 . The electrical signals were monitored and stored on a digital oscilloscope (Tektronix TDS2014B). Discharge current, I D , in Fig. 2(b) was calculated to be less than 1 mA; the I D was determined from the difference between the total current, I T , and the displacement current, I dis , as shown in Fig. 2(c) .
The width of the current pulse (FWHM) was several microseconds. The average input power, P in , was calculated to be 0.25 W from Eq. (1): (1) 2.2 Agarose film Agarose is a polysaccharide polymer material, which is used as an in vitro model in radiotherapy and neuroscience [25] . In this study the agarose film (2% w/v) was used as a surrogate for real tissue. The film was cut into 15 × 15 mm 2 sections. The film was placed over the top, and fully covered the top of a quartz cuvette (100-QS, Hellma Analytics), which was filled with deionized (DI) water (Fig. 1) . The agarose film thickness was 4 mm.
In-situ UV absorption spectroscopy
A conventional double-beam UV-VIS spectrometer (U-3900, Hitachi) was used to measure RONS in the DI water in the quartz cuvette with an optical path of 10 mm. The spectrometer could detect a broad wavelength range from 190 to 900 nm. Prior to the experiments, we confirmed that the absorption of the DI water exposed to APPJ was below 300 nm in the UV range; and there was no absorption in the visible and near IR range (400 -900 nm) [26] . Thus the wavelength range for the UV absorption spectroscopy was fixed at 190 -340 nm. The spectral resolution was 0.2 nm and the scan speed was 120 nm/min. Absorbance, A, was defined by A = -log(I/I 0 ), where I is transmittance of the DI water exposed to the APPJ and I 0 is transmittance of the DI water before APPJ exposure.
For the in-situ measurement, the APPJ apparatus, including an x-y-z stage, was mounted on the spectrometer and the APPJ was directed downward onto the agarose film situated on top of the cuvette filled with 4 mL of DI water (in Fig. 1); for comparison, the same set-up was used to directly expose the DI water to the APPJ without the agarose film. The distance between the orifice of the APPJ assembly and the top of the cuvette top was fixed at 15 mm. We confirmed that the optical emission from the APPJ plume did not affect the UV absorption spectroscopy.
Results and discussion
UV absorption profiles
In Fig. 3(a) , a prominent absorbance signal was detected in the DI water covered with the agarose film only after 30 min of incubation (15 min of APPJ exposure and 15 min with the APPJ and He gas flow off); the absorbance signal continued to increase for at least 45 min after the APPJ and He flow were switched off ( Fig. 3(a) ). In comparison, an absorbance signal was detected earlier at 3 min in the DI water directly exposed to the APPJ (without the agarose film present) (Fig. 3(b) ). The intensity and position of the absorbance signal in the DI water directly exposed to the APPJ was different compared to the DI water exposed to the 
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APPJ through the agarose film. These results indicate a change in the specific RONS profile with and without the agarose film present and that the APPJ transports RONS through the agarose film via a slow process.
Time evolution of RONS
Real-time APPJ transport or generation of RONS in DI water, with and without the agarose film present, was monitored using the total absorbance, T abs , calculated from the sum of absorbance between 190 -340 nm. Fig. 4 shows the time-dependent increase in RONS. A monotonic increase in the T abs was observed in DI water without the agarose film present (with the plasma on). With the APPJ off and He flow on, the T abs of the DI water did not significantly increase above baseline because the neutral He gas does not generate RONS in the solution (data not shown).
With the agarose film, there was a lag period of approximately 20 min, before the T abs began to increase in the DI water. When the APPJ and He flow were switched off (after 15 min), the rate of increase in T abs was faster when the agarose was present. Since further RONS are not being generated when the APPJ is switched off, the above result supports our idea that the APPJ generates and / or delivers RONS through the agarose via a slow transport process.
UV absorption profiles of reference solutions
In order to identify specific RONS in the DI water, the UV absorption spectra of reference solutions of NaNO 2 (6.62 ppm), HNO 3 (6.45 ppm) and H 2 O 2 (64.1 ppm), as well as He and O 2 purged into the DI water were measured (Fig. 5 ). An absorption peak at 209.2 nm was detected for NaNO 2 and 201.4 nm for HNO 3 . A shoulder of a peak was detected for H 2 O 2 because the H 2 O 2 peak is expected to exist at a much shorter wavelength of 160 nm [27, 28] . 
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The DI water purged with He showed the opposite absorption profile compared to the O 2 purged DI water. In a previous study, we have explained this phenomenon by the He flow reducing the concentration of the dissolved O 2 in the DI water [26] .
Identification of RONS
The UV absorption spectra of the DI water exposed to the APPJ with and without the agarose film present, was fitted according to the three reference solutions (NaNO 2 , HNO 3 and H 2 O 2 ) and also to the He and O 2 purged DI water. Four different time points of 15, 30, 45, and 60 min were investigated (the APPJ and He flow were switched off after 15 min).
With agarose film present (Fig. 6) 
Conclusions
In this study, the efficacy of using UV absorption spectroscopy to quantify the He APPJ delivery of RONS into a 4 mm thick agarose target was demonstrated. The concentration of H 2 O 2 , NaNO 2 , HNO 3 and O 2 delivered and / or generated through the agarose film was quantified. The APPJ appears to deliver and / or generate these RONS to different depths within the agarose target and via a slow molecular transport phenomenon. We believe that our approach to study the delivery depth of APPJ RONS in synthetic tissue targets might find use in the future development of plasma therapies, involving the delivery of RONS to specific depths within tissue.
